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Abstract 
A great challenge facing final manufacturers of final products and OEMs today is product variety management which is crucial for mass-
customized manufacturing. Product variations in most industries tend to be very numerous and firms often find themselves under pressure to 
solve problems with over-inventories, planning and product assembly complexity. In this paper, we investigate and present an approach to 
creating all possible product configurations and variations based on a given number of base components and optional number of 
complementary components. The idea of determining all possible product architectures is to investigate the influence of product variety on 
complexity of assembly processes. 
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1. Introduction 
Nowadays, producers of final products are facing 
increasing pressure to manage their supply chains due to 
emerging factors such as the lengthening of supply chains and 
the necessity for mass-customized manufacturing. Especially, 
mass customization is, in this context, considered to be one of 
the main business strategies focused on design and 
development of products that can be individually tailored to 
customer needs [1]. The key to mass customization is to 
provide products with high variety. In mass-customized 
production, the products are made by flexible assembly 
processes consisting of several different modules. Modules or 
sub-modules are created from initial components. At the last 
station, an operator assembles components or modules into the 
final product. Thus, the number of all possible components 
determines at least two facets of assembly process' 
complexity. These are e.g., product complexity, managerial 
complexity, sequence complexity and others. Our intent in this 
paper is to propose a mathematical model for determination of 
all possible product variations and configurations based on the 
number of initial components assuming that two initial 
components are considered to be invariable ones. Then the 
number of all possible product configurations directly reflects 
product complexity of assembly process and indirectly 
influences other complexity aspects related to mass-
customized manufacturing strategy. Subsequently, in this 
paper, we propose a procedure for calculation of the sequential 
complexity of the assembly process that can be derived from 
the number of all possible initial components and their 
combinations.  The numbers of all initial components (base 
and optional) determine Class and Subclass of product 
configurations. The Class and Subclass of product 
configurations will be described in the next section of this 
paper. In order to transform the product complexity of the 
assembly processes into the sequential complexity, we will 
use a realistic assembly process of kettles. Then, the 
sequential complexity of the assembly process will be 
computed based on Vertex degree index. Finally, summarized 
comments and conclusive remarks are provided in the 
conclusions of the paper. 
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2. State of the art in manufacturing complexity 
management 
Variety of products increased drastically in last decades 
due to rising mass customization strategy. Manufacturers are 
highly motivated to make products in large quantities and, of 
course in a number of variations to satisfy the needs of the 
market and of the end users. Therefore production systems, 
these days, should be able to cope with such a variety to 
achieve the desired quality and quantity.  
 
There are number of approaches to managerial aspects of 
manufacturing complexity in today`s literature. Some 
methodologies are aimed to partial complexity inducing 
problems and therefore reflect only a subjective view on the 
complexity solution. On the other hand, there are approaches 
covering as many manufacturing complexity aspects as 
possible, and therefore, these give back much more realistic 
view on the complexity problem. Generally, the complexity of 
any system is mainly influenced by three complexity 
variables, namely states of system elements, their number and 
relationships among them. The three variables then determine 
the structural (static) or operational (dynamic) complexity. 
The very first base metric applied to production is the 
Shannon`s information theory [2].  It relates to the amount of 
information (in bits) associated with the amount of 
uncertainty of the system, originally information systems. It is 
the amount of information linked to the occurrence of all 
possible states of the system. Therefore, it is evident, that the 
fewer processes, fewer machines, fewer product alternatives –
configurations and variations, the lower is the entropy. Zhu et 
al. [3] applied the entropy to the generation of complexity 
model on the level of station and the whole system within the 
mixed-model assembly systems. Desmukh et al. [4] proposed 
an entropic measure combining part types and their ratios 
within a manufacturing system, and defined a code based 
structural complexity index [5]. Suh [6] used the complexity 
in the context of product design by achieving functional and 
design requirements. Authors [3, 7, 8] tried to explore the 
reasons of high complexity within a production. But up till 
now, there is only a little evidence about the main source of 
complexity in such environments due to various definitions of 
mass customization. It is evident, that assembly 
configurations and variations have great impact on complexity 
and on performance of the system in mixed-model assembly 
lines. Therefore it is important to reveal and understand the 
linkages behind the complexity, product variety in mixed-
model assembly lines, and not least in mass customized 
assembly (MCA) lines. Wildemann [9] presented one of the 
applications in the field of mass customization related to 
complexity. Ulrich and Eppinger [10] assigned performance 
parameters to product configurations and their variations, 
development, purchase, logistics, production, IT, but 
practically to every facility sub-process. Finally authors [11, 
12] developed an information-based measure applicable in 
complexity assessment of any manufacturing system.  
It is important to say, that the complexity will always be 
present in the facilities and their production. For example 
according to [13] large number of product configurations and 
variations need not necessarily yield a large number of 
internal parts. Usually, production architects try to redesign 
the product structure but such functional makeovers may then 
result in extra hidden cost [14]. 
3. Initial assumptions for generation of product variations 
and configurations 
In the meantime, a huge progress has been made on the 
evolution of the manufacturing systems. They had evolved 
from moving assembly lines to complex mixed–model 
assembly systems considered as main the enablers of currently 
increased variety. The Assembly Supply Chains (ASC) are 
further divided into modular assembly supply chains and non-
modular assembly supply chains [7, 15, 16, 17, 18, 19]. The 
application of mixed-model systems is challenging not only 
for production companies. Beamon and Chen [20] noted that 
each functional level of supply chain network is represented 
by numerous facilities that along with the structure of the 
material and information flows contribute to the complexity of 
the chain. It is apparent that arising assembly variations and 
configurations have profound impact on production 
complexity of the system. Therefore it is important to reveal 
and understand the linkage behind the two types of 
complexity, product variety and assembly variation in mixed-
model assembly lines [21]. 
Knowing the complexity of designed system depending on 
the number of product variations and/or product 
configurations can be helpful in finding the best balanced 
design for a new product or whole production. 
Before we begin with description of our Generating 
framework for creation of all possible product variations 
through all possible product configurations based on optional 
components, we need to describe a notation: 
 
x Class of product configurations CL (based on number of 
basic components),  
x Sub-class of product configurations Pi, i = 1,…, a, 
 where i – number of initial components, 
x Sub-configurations of the i-th sub-class Gji, j = 1,…, b,  
 where j – number of sub-configurations of the i-th sub-
class, 
x Initial assembly product configuration component C∑ji, 
 where ∑ –  summary number of initial components, 
x Optional assembly product configuration component Coji, o 
= 0,…, d, 
 where o – number of optional components, 
x Base assembly product configuration component Cbji, b = 
1,…, e, 
 where b – number of base components, 
x Product variations of the i-th sub-class, of the j-th sub-
configuration vkij, k = 1,…, f,  
 where k – number of product variations i-th sub-class, j-th 
configuration, 
x Total number of variations of the i-th sub-class ∑vi, 
x Number of component sub-configurations of the i-th sub-
class for the given number of initial components G∑i. 
Firstly we need to establish the total number of component 
configurations of the product in relation to the definition of 
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possible product variations depending on the number of all 
possible additional components.  
We are going to build on the assumption that Class of 
product configurations consists of at least one fixed and one 
optional assembly component. The first class (CL#1) is then 
the one with single base and unlimited number of optional 
components in its sub-class. And so on with other classes, so 
that the class name always defines the number of fixed 
components while the sub-class defines the total of fixed base 
and optional components per class.  
For example, if the number of base components Cbji equals 
four and number of optional components Coji equals three, we 
get eight possible component configurations as seen in Fig. 1. 
From this figure it is apparent that we will take the sub-
configuration with minimum number of optional components 
(without optional components) into account as well. 
In order to generate a number of product component 
configurations in all possible classes of product 
configurations, the following equation can be applied: 
  o iCmiG max2                             (1) 
Each sub-configuration can be assigned by a number of 
product variations. For instance, for sub-configurations of 
CL#4 depicted in Fig. 2 with three optional components, there 
are 125 product variations. 
The number of all possible configurations and product 
variations for a given sub-class is determined for desired 
combination. It is then apparent that for each sub-class Pi it is 
necessary to specify the values of vi for individual product 
component configurations (G∑ji). These numbers of 
configurations can be determined using the equation (2). See 
the example for CL#4P7: 
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Fig. 1. Component product configurations for class CL#4 and sub-class cla P7 
with 4 base and maximum 3 optional components 
 
Legend:
A, B, C, D – initial components, E, F,G – optional components.
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Fig. 2. Fragment of Product variations of CL#4P7 with three optional 
components 
Similarly, we can formulate equations for all possible 
individual sub-classes of product component configurations. 
For, example for CL#4P8, it will be: 
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Individual addends represent the values of individual 
component configurations vi, in the given order. Summing all 
the addends, the total number of product variations Σvi is 
obtained.  
Definition of the total number of variations of any sub-
class Pi and class CL depending on the number of base and 
optional components can then be expressed as follows: 
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where: 
Coji number of optional components, o = 0,…, d, 
Cbji number of basic components, b = 1,…, e, 
Cgji number of components towards Coji, g = 0,…, Coji. 
 
Obtained values of product variations practically represent 
configuration complexity level of assembly process.  
4. Application of the methodology for cladograms 
The Mechanism for generation of product configurations 
may be used in determination of the maximum number of 
variations on an existing assembly process or its cladogram 
representation. It can be for example a cladogram depicted in 
Fig. 3. In accordance with the above mentioned methodology 
for generation of structures, in the first step we will allocate a 
baseline structures from the top level of cladogram for the 
subsequent generation of configurations. These structures 
must be compatible with the appropriate structure class and 
sub-class.  
In this case we could identify two baseline structures from 
the top level I. of the cladogram, because the fixed element 
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numbered 1 enters the branch with configurations D, A, C 
(left branch) and the branch with configurations G, B, F and E 
(right branch). Then the initial structure for the left branch of 
the cladogram is of class 3, sub-class 3 (CL#3P3). The initial 
structure for the right branch is class 3, sub-class 4 (CL#3P4) 
as shown in Fig. 3. The resulting number of configurations for 
this level of cladogram is given by the sum of possible 
configurations that is the sum of 1+2. Subsequently, the 
resulting number of configurations in individual branches 
moves to lower levels of cladogram decomposition as fixed 
elements. Optional components from the level II of cladogram 
are then assigned to them. The left branch obtains input 
component structure CL#1P2 and for the right branch CL#1P3. 
The total number of configurations for level II of the 
cladogram is the sum of 1+3. We proceed analogously 
towards the lowest level of cladogram and obtain the total 
number as the sum of 14 configurations (from A to N). 
5. Determination of sequence complexity of assembly 
processes 
In order to find possible method for determination of 
sequence complexity it is useful firstly to establish a 
framework for generation of assembly supply chains. 
5.1. Generating assembly supply chains 
An assembly-type supply chain is one in which each node 
in the chain has at most one successor, but may have any 
number of predecessors. Such supply chain structures are 
convergent and can be divided into modular and non-modular 
ones. In the modular structure, the intermediate sub-
assemblers are understood as assembly modules, while the 
non-modular structure consists of only initial nodes and a 
final assembler. The framework for creating topological 
classes of ASC networks follows the work of Hu et al. [7] 
who proposed the possible way forward to model supply 
chain structures. However, generation of all possible 
combinations of structures presents quite hard combinatorial 
problems. In our previous work [22], a framework for creating 
topological classes of assembly supply chains has been 
proposed. The concept allows to generate all possible 
structures for given number of initial nodes “i”. An example 
of 
Fig. 3. Decomposition of cladogram resulting with 14 configurations through 4 levels 
Fig. 4. Fragment generation of graphical models for classes i = 2 to 6 
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generating the sets of structures for the classes with numbers 
of initial nodes [i] from 2 to 6 is shown in Fig. 4 above. 
5.2. Proposed assessment to measure sequential complexity of 
ASC networks 
In case we want to measure a sequence complexity of any 
assembly process, a Vertex degree index (Ivd), firstly 
introduced by Bonchev [23], can be used. This index was 
originally applied to measure structural complexity of general 
networks. The index is applicable for either sequential 
diagrams of assembly processes or for cladograms. In case of 
cladogram we firstly have to transform it into a typical 
sequence diagram of assembly process as seen in Fig. 5. The 
proposed approach to measure sequence complexity can be 
used for study of dependencies of sequence complexity in any 
sub-class of a certain class CL. 
For this purpose we can select, e.g. the class CL#4 and 
several sub-classes of component configurations P4 to P9 (see 
Fig. 6). Then each sub-class is assigned the most complex 
modular sequential assembly structure as shown in Fig. 7. 
This way the appropriate upper and lower values of sequence 
complexity has been determined as depicted on graph in Fig. 
8. 
Similarly, it is possible to express the dependence of the 
configuration complexity on any sub-class of certain class. 
The dependence for sub-classes P2 - P9 in CL#2 to CL#5 is 
expressed in Fig. 9.  
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Fig. 5. Transformation of cladogram into sequence assembly diagrams 
Fig. 6. Generation of total assembly product configurations and variations for CL#4P4 to CL#4P9 
Fig. 7. Assignment of the most complex sequential structure to each 
sub-class 
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6. Conclusions 
As resulted from applicability testing of methodology 
framework for generation of product variations and 
configurations, for practical use in the field of product 
complexity, mainly number of component (product) 
configurations are relevant. Generation of number of product 
variations and configurations can be considered as the 
supplementary tool for determination of configuration 
complexity. The reason why the number of product variations 
seems not to be practically pertinent is that by adding any new 
optional component into assembled product, the theoretical 
number of product variations grows unrealistically large. For 
example, if we had 4 base (initial invariable) components and 
5 optional components (see Fig. 6 for subclass P9) then 
number of product configurations computed under the defined 
mathematical conditions would be 32, but for the same 
number and combination of components we would obtain 
3125 product variations.  
From the Fig. 8 it is evident that the upper and lower 
values of the sequence complexity for individual sub-classes 
grow almost linearly while the values of the configuration 
complexity grow in an exponential manner.  
By the comparison of these different complexity facets,  an 
empirical knowledge has been confirmed, that the complexity 
of an assembly process in terms of mass customization is 
more influenced by the configuration complexity than by the 
sequential complexity. To summarize the obtained findings 
based on the combinatorial approach it can be recommended 
that for the practical use in mass-customized manufacturing 
one can determine the configuration complexity rate through 
computation of the number of product configurations. In our 
opinion, future research effort should be focused on an 
exploration of mutual relation between the rate of 
configuration complexity and usability. 
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